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Abstract

HIV infection is associated with impaired lung gas transfer as indicated by a

low diffusing capacity (DLCO), but the mechanisms are not well understood.

We hypothesized that HIV-associated gas exchange impairment is indicative

of system-wide perturbations that could be reflected by alterations in periph-

eral blood leukocyte (PBL) gene expression. Forty HIV-infected (HIV+) and

uninfected (HIV–) men with preserved versus low DLCO were enrolled. All

subjects were current smokers and those with acute illness, lung diseases other

than COPD or asthma were excluded. Total RNA was extracted from PBLs

and hybridized to whole-genome microarrays. Gene set enrichment analysis

(GSEA) was performed between HIV+ versus HIV– subjects with preserved

DLCO and those with low DLCO to identify differentially activated pathways.

Using pathway-based analyses, we found that in subjects with preserved

DLCO, HIV infection is associated with activation of processes involved in

immunity, cell cycle, and apoptosis. Applying a similar analysis to subjects

with low DLCO, we identified a much broader repertoire of pro-inflammatory

and immune-related pathways in HIV+ patients relative to HIV– subjects, with

up-regulation of multiple interleukin pathways, interferon signaling, and toll-

like receptor signaling. We confirmed elevated circulating levels of IL-6 in

HIV+ patients with low DLCO relative to the other groups. Our findings

reveal that PBLs of subjects with HIV infection and low DLCO are distin-

guished by widespread enrichment of immuno-inflammatory programs. Acti-

vation of these pathways may alter the biology of circulating leukocytes and

play a role in the pathogenesis of HIV-associated gas exchange impairment.

Introduction

Pulmonary complications remain a significant cause of

morbidity and mortality among HIV-infected (HIV+)

individuals despite the advent of combination antiretrovi-

ral therapy (ART). While opportunistic pulmonary infec-

tions have declined, the incidence of noninfectious,

chronic lung diseases has increased and is expected to

grow with the increasing lifespan of patients. One of the

most common pulmonary manifestations of HIV infec-

tion is impaired gas exchange in the lung as reflected by a

low diffusing capacity of carbon monoxide (DLCO)

(Crothers et al. 2013; Fitzpatrick et al. 2013). Although

low DLCO was first noted in HIV+ individuals prior to
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the era of combination ART (Mitchell et al. 1992; Rosen

et al. 1995), HIV+ patients remain significantly more

likely to have moderately to severely reduced DLCO

despite therapy when compared to HIV– subjects, even

after adjustments for smoking and other risk factors

(Crothers et al. 2013). Impaired DLCO can reflect lung

pathology such as the presence of emphysema, fibrosis, or

pulmonary hypertension, or can occur as a consequence

of other conditions associated with HIV, including Pneu-

mocystis pneumonia or injection drug use. In epidemio-

logic studies, emphysema appears to be the most

common lung disease associated with low DLCO in HIV+

patients (Diaz et al. 1992, 2000).

The mechanisms leading to impaired diffusing capacity

in HIV infection are poorly understood. HIV infection is

associated with systemic chronic inflammation, endothelial

dysfunction, altered coagulation, and immune activation –
processes that are tightly linked to increased morbidity and

early mortality in HIV+ patients, even among those on

effective ART (Kuller et al. 2008; Baker et al. 2010, 2011;

Dub�e and Sattler 2010; Neuhaus et al. 2010; Sandler et al.

2011). Dysregulation of these pathways may injure the

lung, causing abnormal gas exchange. Indeed, we have

demonstrated that chronic immune activation, as reflected

by elevated levels of circulating soluble CD14 (sCD14), a

component of the innate immune system, is associated

with emphysema in HIV+ individuals (Attia et al. 2014).

To gain a better understanding of putative processes

involved in impaired gas exchange during HIV infection,

we surveyed the transcriptional landscape of circulating

peripheral blood leukocytes (PBLs) in HIV+ and HIV–

subjects with preserved or reduced DLCO. Since infection

with HIV by itself can cause widespread alterations in

leukocyte gene expression, we compared relative enrich-

ment of pathways between HIV+ versus HIV– individuals

with preserved DLCO against processes enriched in HIV+

versus HIV– subjects with low DLCO. We hypothesized

that although HIV infection can activate a common core

of transcriptional programs in PBLs, some processes may

be distinct between subjects with preserved lung diffusing

capacity versus those with low DLCO. Identifying these

pathways can provide novel insights into the pathogenesis

of HIV-associated impairment in pulmonary gas exchange.

Materials and Methods

Study sample

We studied a total of 40 HIV+ and HIV� men with pre-

served versus low DLCO, who were enrolled in the Exam-

inations of HIV Associated Lung Emphysema (EXHALE)

study, a pulmonary-focused component of the Veterans

Aging Cohort Study (VACS) (Justice et al. 2006a).

EXHALE was an observational, longitudinal multicenter

study conducted at four of the eight Veterans Affairs

(VA) Medical Centers (VAMC) participating in VACS,

and has been described previously (Attia et al. 2014;

Campo et al. 2014). Individuals with a history of lung

diseases other than COPD or asthma were excluded, as

were patients with acute respiratory infections or illness

in the 4 weeks prior to the baseline measurements. Partic-

ipants were enrolled between 2009 and 2012. All subjects

included in this analysis were current smokers. Institu-

tional Review Boards at all locations approved this study,

and participants provided written informed consent.

Clinical data collection

Baseline study procedures for EXHALE that were included

in these analyses consisted of a questionnaire, pulmonary

function testing (PFT), and chest computed tomography

(CT) scan. At study entry, all participants self-completed a

questionnaire that consisted of a standardized assessment

of smoking and drug use (Comstock et al. 1979). Demo-

graphic and pharmacy data, laboratory values, and diag-

nostic codes (ICD-9) for existent medical conditions were

obtained via the VA national electronic medical records.

Variables included age, gender, race, and ART. Clinical lab-

oratories including hemoglobin, CD4 cell count, and

plasma HIV RNA level were obtained within 6 months of

enrollment. A peripheral white blood cell count (WBC)

and differential was also obtained from clinical records;

median time between WBC count and the research blood

draw date was 0 days (interquartile range, �27 to 30 days).

Pulmonary function tests were performed according to

American Thoracic Society criteria (Standardization of

Spirometry, 1995; Miller et al. 2005). Diffusing capacity

was measured by transfer of carbon monoxide (DLCO) by

single breath method (Macintyre et al. 2005). PFTs were

obtained by certified, trained respiratory technicians in the

clinical pulmonary function laboratories at the associated

medical center. Fixed airflow obstruction consistent with

COPD was defined primarily as a ratio of the post-bronch-

odilator forced expiratory volume in one-second (FEV1) to

forced vital capacity (FVC) below 70%. Predicted normal

values for spirometry were determined using Hankinson

formulas, and for DLCO using Neas formulas (Neas and

Schwartz 1996; Hankinson et al. 1999). Both these formu-

las include adjustments for age, gender, race/ethnicity, and

height; percent predicted DLCO was also corrected for

hemoglobin concentration. Preserved DLCO was defined

as greater than 60% of predicted value and low DLCO was

defined as ≤60% predicted value. We chose a cutoff of

≤60% of predicted normal for a low DLCO in order to

reflect a more severe phenotype of disease, reflective of

moderate to severe impairment. In addition, a DLCO
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≤60% avoids misclassification from a mildly reduced

DLCO that could be due to active smoking. Because we

required that all subjects in this analysis were current

smokers, insufficient numbers of current smokers had a

DLCO that was >80% of predicted; while we identified as

many with a normal DLCO as possible, we also included

several subjects in the preserved DLCO group with a DLCO

between 60% and 80% of predicted. PFT results were inter-

preted blinded to HIV status, and severity of impairment

graded according to the ERS/ATS 2005 recommendations

(Pellegrino et al. 2005).

Noncontrast chest CT scans were obtained in subjects

at baseline. A standardized interpretation was performed

by a radiologist blinded to the HIV status and other clini-

cal characteristics of the subjects. Findings were classified

as per Fleischner Society definitions (Hansell et al. 2008).

Severity of emphysema was scored using a semiquantita-

tive scale (Wilson et al. 2008; Attia et al. 2014), and pul-

monary artery enlargement, measured at the level of

bifurcation, was defined based on a main pulmonary

artery to aorta diameter of greater than one.

Microarray data analysis

Peripheral blood was collected from each EXHALE partic-

ipant at study enrollment. In the 40 subjects identified for

these analyses, total RNA from each sample was isolated

using Paxgene Blood RNA kits (Qiagen, Valencia, CA),

labeled, and hybridized to a PrimeView Human Gene

Expression microarray (Affymetrix, Santa Clara, CA)

according the manufacturer’s protocol. The PrimeView

microarray is comprised of more than 36,000 transcripts

mapping to over 20,000 unique genes. After image pro-

cessing, microarrays were background adjusted and quan-

tile normalized across all subjects using robust multi-

array averaging (RMA) (Bolstad et al. 2003). One sample

did not meet strict microarray hybridization quality con-

trol thresholds and was excluded from further analysis.

The remaining 39 samples were comprised of four subject

groups: 1. HIV–, preserved DLCO (N = 9); 2. HIV+, pre-

served DLCO (N = 9); 3. HIV–, low DLCO (N = 11); 4.

HIV+, low DLCO (N = 10). Detailed microarray experi-

ment description meeting Minimum Information About a

Microarray Experiment (MIAME) requirements has been

deposited at Gene Expression Omnibus (http://

www.ncbi.nlm.nih.gov/geo, GSE76403).

We applied Gene Set Enrichment Analysis (GSEA) to

identify and compare pathways differentially enriched

between HIV+ and HIV– subjects with preserved DLCO

versus those with low DLCO (Subramanian et al. 2005).

Rather than focusing on differential changes in a single

gene, GSEA statistically assesses whether a large subset of

genes mapping to a given pathway (known as “leading

edge”) are up-regulated in the phenotype of interest.

GSEA calculates an enrichment score (ES) for overrepre-

sentation of up-regulated genes for a given gene set and

then applies a random permutation analysis to estimate

significance level of ES and adjust for multiple hypothesis

testing. We performed 1000 permutations and selected a

highly stringent false discovery rate (FDR) threshold

<0.01 to designate statistically significant enrichment. To

maximize biological relevance, we focused on gene sets

derived from 1315 well-curated canonical pathways

compiled from multiple resources including Kyoto Ency-

clopedia of Genes and Genomes (KEGG), Biocarta, and

Reactome among others.

We applied GSEA to HIV+ versus HIV– subjects with

preserved DLCO (group 1 vs. group 2) to assess the role of

HIV infection on activation of PBL transcriptional

programs. Next, we performed GSEA on HIV+ versus HIV–

subjects with low DLCO (group 3 vs. group 4) to identify

pathways differentially enriched as a consequence of HIV

infection in patients with impaired lung gas exchange. Rela-

tionships among enriched gene sets were charted based on

degree of shared genes using a network-based visualization

method known as Enrichment Map (www.baderlab.org/

Software/EnrichmentMap/) implemented within the Cytos-

cape environment (Cline et al. 2007; Merico et al. 2010).

To further assess the influence of HIV infection on altering

pathway enrichment in circulating leukocytes, we per-

formed GSEA in HIV– subjects with preserved versus low

DLCO (group 1 vs. group 3), and in HIV+ patients with

preserved versus low DLCO (group 2 vs. group 4).

Circulating IL-6 and sCD14 measurements

Serum IL-6 levels were measured in all subjects using a

chemiluminescent immunoassay (QuantiGlo IL-6

immunoassay, R&D Systems, Minneapolis, MN). Calibra-

tion was performed by the manufacturer and is traceable

to National Institute for Biological Standards and Control

89/548 (IU/mL). Soluble CD14 (sCD14) was measured

with an enzyme-linked immunosorbent assay (Quantikine

sCD14 Immunoassay, R&D Systems) with a detectable

range of 40–3200 ng/mL, using a standard 200-fold sam-

ple dilution. Statistical differences in cytokine levels

between groups were assessed using two-tailed t-test, and

across all four groups using one-way analyses of variance

(ANOVA) (GraphPad Software, La Jolla, CA).

Results

Subject characteristics

Table 1 summarizes the cohort characteristics. Subjects

with low DLCO were slightly older and more likely to be
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African-American. Although all subjects were current

smokers, the HIV+ patients tended to have a heavier

smoking history. Most HIV+ subjects were on ART and

had suppressed HIV viral loads (<50 copies/ml). CD4

counts were significantly lower in HIV+ patients with

reduced DLCO compared to those with preserved DLCO.

Pulmonary function tests demonstrated a significantly

lower percent predicted FEV1 and FVC in subjects with

low DLCO, although values were within the normal

range. HIV+ patients were more likely to have evidence of

pulmonary artery enlargement on chest CT scan, regard-

less of DLCO. A greater proportion of HIV+ subjects had

radiographic evidence for emphysema, particularly those

with low DLCO. The peripheral WBC count was signifi-

cantly different across groups, with lowest values in

patients with HIV infection and a low DLCO.

HIV infection activates diverse pathways in
circulating leukocytes

Since genes do not exert their effects in isolation, but

rather cooperate within functionally coherent modules to

influence disease susceptibility and progression (Hartwell

et al. 1999; Schadt 2009), we opted to analyze the PBL

transcriptional profiles using a pathway-centric approach

known as GSEA. Initially we applied GSEA to identify

enriched pathways between HIV+ versus HIV– subjects

with preserved DLCO. Using a strict FDR significance

threshold of <0.01 to control multiple hypothesis testing,

we identified 61 gene sets that were up-regulated in PBLs

of HIV+ patients and only nine pathways up-regulated in

the HIV– subjects (complete list is provided in Table S1).

This finding implies that in individuals with normal lung

function and gas exchange, HIV infection significantly

alters the transcriptional program of circulating leuko-

cytes. We grouped the enriched pathways based on their

shared gene membership into larger aggregations known

as “modules” that were characterized by common func-

tional attributes. As shown in Figure 1, the largest module

was comprised of gene sets up-regulated in HIV+ patients

that mapped to processes involved in cell cycle, replica-

tion, proteasome, and apoptosis. Another distinct module

was populated by immunity-associated pathways such as

interferon signaling, antigen presentation, IL12, and

STAT4 pathways. In contrast, the few gene sets enriched

in PBLs of HIV– subjects formed a smaller module high-

lighted by ribosomal, translation, and transcription pro-

cesses.

Table 1. Patient characteristics, lung function measures, and peripheral blood counts.

Characteristic

HIV+

low DLCO

(n = 10)

HIV+

preserved DLCO

(n = 9)

HIV�

low DLCO

(n = 11)

HIV�

preserved DLCO

(n = 9) P-value*

Age, years 52 (51–57) 49 (40–53) 50 (48–57) 48 (46–50) 0.03

Black race 90% 67% 91% 56% 0.3

Smoking pack-years 35 (21–40) 28 (10–34) 20 (16–26) 12 (8–31) 0.2

CD4 cell count, cells/mm3 310 (241–323) 507 (441–707) – – 0.004

HIV RNA copies/mL† <50 <50 – – 0.5

On ART 70% 100% – – 0.2

Pulmonary function tests

FEV1, % predicted 79 (72–88) 109 (105–110) 79 (70–92) 96 (89–103) 0.002

FVC, % predicted 99 (95–103) 85 (77–95) 105 (102–115) 81 (74–87) 0.0008

FEV1/FVC, % 75 (70–81) 79 (75–82) 80 (76–82) 75 (71–80) 0.3

DLCO, % predicted 39 (37–40) 83 (71–84) 40 (35–43) 74 (67–89) 0.0001

Chest CT scan data

Any radiographic emphysema 89% 56% 70% 33% 0.09

Pulmonary artery enlargement 22% 56% 10% 11% 0.1

WBC count, cells x 109 per liter 4.9 (3.9–5.9) 5.9 (3.7–6.2) 7.1 (5.4–8.7) 6.9 (6.5–10) 0.01

Neutrophils 52% (41–58%) 49% (31–55%) 56% (43–64%) 55% (50–65%) 0.5

Lymphocytes 33% (25–46%) 37% (34–53%) 31% (27–41%) 33% (27–41%) 0.6

Monocytes 12% (9–14%) 8% (7–10%) 8% (6–11%) 7% (6–7%) 0.02

ART, antiretroviral therapy; CT, computed tomography; FVC, forced vital capacity. Continuous variables are presented as median values with

interquartile ranges (IQR).

*P-value is for comparison across all four groups of subjects, except for HIV-related variables, which only compare HIV+ subjects with low ver-

sus preserved DLCO.
†Limit of detection for HIV RNA is 50 copies/mL.
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Widespread activation of immuno-
inflammatory programs in HIV+ patients
with impaired gas exchange

We then investigated the transcriptional consequences of

HIV infection in PBLs of patients with low DLCO. We

identified 206 up-regulated pathways in HIV+ patients

but only 11 up-regulated gene sets in HIV– subjects

(complete list in Table S2). Grouping the enriched path-

ways into larger modules revealed highly interconnected

but distinct gene set assemblies (Fig. 2). Topographically

and functionally, there were similarities between these

modules and the ones found in HIV+ patients with pre-

served DLCO (Fig. 2 vs. Fig. 1). Several pathways were

commonly enriched between the two groups indicating

that HIV infection activates a core set of shared transcrip-

tional programs across subjects with and without DLCO

impairment. However, we observed that HIV+ patients

with low DLCO were characterized by aggregation of

many gene sets into a much larger immunity module,

with activation of multiple cytokine/interleukin pathways,

interferon signaling, innate immunity, PDGF receptor

pathway, FAS pathway, T-cell/B-cell receptor signaling,

and toll-like receptor (TLR) signaling.

We investigated the expression profile of “leading edge”

genes mapping to TLR signaling cascade – a representa-

tive gene set selectively enriched in HIV+ patients with

impaired gas exchange (Fig. 3A). We measured soluble

CD14 (sCD14) and IL-6, two well-characterized circulat-

ing biomarkers of inflammation (Sandler et al. 2011; Rin-

con 2012) that were members of this activated pathway.

Plasma sCD14 levels were significantly higher in the HIV+

patients compared to HIV– subjects (1681 vs. 1367 ng/

mL, P < 0.02), but did not differ by DLCO status. This

observation is consistent with previous reports associating

HIV infection with elevated sCD14 levels as an indicator

of increased systemic inflammation and subsequent mor-

tality (Sandler et al. 2011). We found that HIV+ subjects

with low DLCO had significantly higher plasma IL-6

levels compared with the other groups, implying an

enhanced state of immune activation and inflammation

in this subset of patients (Fig. 3B).

These results indicate that while HIV infection alters

the transcriptional programming of circulating leukocytes

Figure 1. Overview of gene set enrichment analysis between HIV+ and HIV– subjects with preserved lung diffusing capacity. A gene set was

considered enriched for a given phenotype if most of its member genes were up-regulated in that condition. In the figure, each sphere

designates an enriched pathway with red indicating that its member genes were up-regulated in HIV+ patients and blue indicating that its

member genes were up-regulated in HIV– subjects. The size of each sphere (i.e., gene set) is proportional to the number of its gene members.

Since pathways share many common genes, connectivity lines have been used to link these interpathway relationships and define the topology

of the enrichment network. Note that pathways aggregated with each other based on extent of overlap among member genes to form larger

modules. Selected gene sets have been labeled and an “Immunity Module” identified. Full list of enriched pathways is available in Table S1.
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in subjects with preserved gas exchange, this perturbation

is much more pronounced in HIV+ patients with low

DLCO and is highlighted by activation of specific

immunological and pro-inflammatory pathways.

The role of HIV infection in modulating the leukocyte

transcriptional response was further explored by perform-

ing GSEA in HIV– and HIV+ individuals stratified by

DLCO. Specifically, in HIV– subjects, we compared those

with preserved DLCO versus low DLCO, and in HIV+

patients, we performed a similar comparison based on gas

exchange status. We found that HIV– individuals with

preserved DLCO were characterized by up-regulation of

many immuno-inflammatory gene sets (254 pathways at

FDR <0.01, Table S3), whereas only 17 gene sets were up-

regulated in HIV– subjects with impaired DLCO

(Table S3). This observation indicates that in uninfected

individuals, reduced diffusing capacity is associated with

down-regulation of pro-inflammatory transcriptional

responses. Intriguingly, when HIV+ patients were com-

pared based on their gas exchange status (preserved vs.

low DLCO), there were drastically fewer pathways

enriched (nine gene sets up-regulated in HIV+ subjects

with preserved gas exchange and two pathways up-regu-

lated in HIV+ patients with impaired DLCO, Table S4).

Taken together, these findings imply that impaired gas

exchange is associated with suppression of immune and

inflammatory transcriptional programs in HIV– individu-

als, but that HIV infection abrogates this response.

Collectively, our data demonstrate that among subjects

with impaired gas exchange, HIV infection profoundly

influences leukocyte transcriptional response by promot-

ing persistent up-regulation of diverse pro-inflammatory

and immune-associated pathways.

Discussion

With the advent of ART, the life expectancy of HIV+

patients has significantly improved and the spectrum of

AIDS-related diseases has changed (Palella et al. 1998;

Mocroft et al., 2002). Non-infectious pulmonary compli-

cations are increasingly prevalent in the HIV population,

with emphysema and impaired gas exchange among the

most common comorbidities in HIV+ individuals

(Crothers et al. 2006, 2011, 2013; Justice et al. 2006b;

Hull et al. 2008). In this study, we compared the tran-

scriptional signatures of circulating leukocytes in HIV+

Figure 2. Pathway enrichment analysis between HIV+ and HIV– subjects with low lung diffusing capacity. Each sphere designates an enriched

gene set with red indicating that member genes were up-regulated in HIV+ patients and blue indicating up-regulation in HIV– subjects. The

topology of this network has similarities with Figure 1, but notice the much larger module populated by immune and inflammatory pathways

enriched in HIV+ patients (“Immunity Module”) including interleukin pathways, innate immunity, and toll-like receptor signaling. This finding

implies that when compared to their DLCO-matched HIV– controls, a broader repertoire of immune-associated pathways and genes are up-

regulated in HIV+ patients with low DLCO compared to HIV+ patients with preserved DLCO (Figure 2 vs. Figure 1). Selected gene sets have

been labeled and full list is available in Table S2.
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patients versus HIV� subjects as stratified by their pul-

monary diffusing capacity status. We found that infection

with HIV is associated with systemic activation of

immune and inflammatory pathways in circulating leuko-

cytes in subjects with preserved gas exchange. However,

HIV+ patients with low DLCO had a much more pro-

found and widespread activation of these processes com-

pared to HIV� subjects with similarly reduced DLCO.

These results imply that HIV infection in patients with

impaired gas transfer is associated with selective enrich-

ment of distinct pro-inflammatory and immunity pro-

grams. Instigation of such immuno-inflammatory

processes in circulating leukocytes may lead to migration

of inflammatory cells to the lung and to microvascular

dysfunction, thus playing a role in the etiology of low

DLCO in HIV+ individuals.

The pathogenesis of impaired gas exchange in HIV is

unclear, and likely involves diverse processes, including

immunologic, apoptotic, proteolytic, and oxidative stress

mechanisms (Crothers 2007; Petrache et al. 2008; Kaner

et al. 2009). Using a pathway-focused computational

approach, we identified a large repertoire of transcrip-

tional programs in PBLs associated with low DLCO in

HIV+ patients. Prominent pathways encompassed multi-

ple components of the innate and adaptive immune

response including interleukin signaling (IL-1, IL-2, IL-6,

IL-8, IL-12, IL-10), interferon signaling, phagocytosis, T-

and B-cell receptor signaling, and TLR signaling. To the

best of our knowledge, this is the first gene expression

analysis of PBLs comparing HIV+ versus HIV� subjects as

stratified by their pulmonary diffusing capacity status.

One study demonstrated up-regulation of several matrix

metalloproteinases (MMPs), including MMP-2, -7, -9,

and -12 in alveolar macrophages from HIV+ relative to

HIV– patients with early emphysema (Kaner et al. 2009).

Similarly, we found enrichment of an MMP gene set in

HIV+ subjects with low DLCO (Table S2).

Although our experimental design using PBLs did not

allow assessment of lung-specific gene expression, our

ability to demonstrate differential gene expression in

peripheral blood that correlated with DLCO status sug-

gests that decreased gas exchange is, in part, a reflection of

systemic abnormalities. Chronic inflammation and

immune activation are characteristic of HIV infection.

Impaired barrier function of the gastrointestinal and geni-

tal mucosa in HIV infection is thought to facilitate

translocation of bacterial products such as lipopolysaccha-

ride (LPS) into the systemic circulation and lead to

immune activation via TLR signaling cascade (Brenchley

et al. 2006; Nazli et al. 2010; Chege et al. 2011). In addi-

tion, coinfections with viruses such as CMV and hepatitis

C are likely to contribute to chronic immune activation in

HIV+ patients. Chronic immune activation has been pro-

Figure 3. (A) Heat map depiction of the expression profile of toll-

like receptor signaling genes, a representative activated pathway in

HIV+ patients with low DLCO. Several members of this pathway

such as IL-6, CD14, and toll-like receptor (TLR) 4 have been

implicated in the pathogenesis of immune activation during chronic

HIV infection and may play a role in impaired lung diffusing

capacity. (B) Confirmation of up-regulation of plasma IL-6 levels in

HIV+ patients with low DLCO compared to other subject groups

(one-way analyses of variance (ANOVA) P-value across all groups

<0.002, Student’s two-tailed t-test P-values are displayed in Figure).
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posed to be a major contributor to the increased incidence

of cardiovascular disease in chronic HIV infection (Malek

et al. 2011). Our data suggest that lung dysfunction due to

impaired diffusing capacity is another manifestation of

chronic immune activation in the setting of HIV infection.

This is supported by our prior work that demonstrated

elevated levels of soluble CD14, the LPS coreceptor, were

associated with emphysema in HIV+ patients in a cross-

sectional study (Attia et al. 2014). Furthermore, in our

current study we found that plasma IL-6 levels were signif-

icantly increased in HIV+ patients with low DLCO com-

pared to HIV� subjects or those with preserved gas

exchange, corroborating results from Fitzpatrick et al. who

also demonstrated high IL-6 levels to be associated with

low DLCO in those with HIV (Fitzpatrick et al. 2014).

Our study has several limitations, including a modest

number of subjects and a relatively heterogeneous popula-

tion. Although we were limited in our ability to adjust for

multiple covariates and confounders within groups, such

as differences in CD4 cell count between HIV+ subjects

with low versus preserved DLCO, our analyses were ade-

quately powered to detect differences in gene expression

patterns between groups. To control for a major con-

founder between groups, we restricted our analysis to cur-

rent smokers; we also restricted our sample to men. By

measuring gene expression levels of all PBLs, we could not

assess the relative contribution of leukocyte subsets, and

future investigation is required to determine the cell type-

specific transcriptional signals. However, in this pilot pro-

ject, we applied sophisticated bioinformatics methods to

identify, for the first time, pathways whose activation may

contribute to gas exchange impairment in HIV+ patients.

Additional studies are needed to validate our findings and

further elucidate the mechanisms by which immune-acti-

vated circulating leukocytes can contribute to pulmonary

vascular and gas transfer dysfunction in HIV disease.

In conclusion, we demonstrate that HIV infection in

subjects with low DLCO elicits the activation of distinct

immunologic and pro-inflammatory programs in circulat-

ing leukocytes, potentially resulting in the migration of

inflammatory cells to the lung and to microvascular dys-

function, thus leading to impaired gas exchange in HIV+

patients. Our results also identify putative molecular

pathways such as the TLR signaling cascade that represent

targetable sites for novel treatments aimed at decreasing

microbial translocations or suppressing chronic antigenic

stimulus from other viral infections that may improve

lung function in HIV+ individuals.

Acknowledgments

The authors thank the study subjects for their participa-

tion. This material is the result of work supported with

resources and the use of facilities at the Atlanta, Bronx,

Houston, and Los Angeles VA Medical Centers.

Disclaimer

The contents do not represent the views of the U.S.

Department of Veterans Affairs or the United States Gov-

ernment.

Conflict of Interest

None of the authors (KC, IP, CW, PJL, LMS, SAG) have

any financial, intellectual, or other conflicts of interest

pertaining to this work.

References

Attia, E. F., K. M. Akgun, C. Wongtrakool, M. B. Goetz, M. C.

Rodriguez-Barradas, D. Rimland, et al. 2014. Increased risk

of radiographic emphysema in HIV is associated with

elevated soluble CD14 and nadir CD4. Chest 146:1543–1553.

Baker, J., W. Ayenew, H. Quick, K. H. Hullsiek, R. Tracy, K.

Henry, et al. 2010. High-Density Lipoprotein Particles and

Markers of Inflammation and Thrombotic Activity in Patients

with Untreated HIV Infection. J. Infect. Dis. 201:285–292.

Baker, J. V., J. Neuhaus, D. Duprez, D. A. Cooper, J. Hoy,

L. Kuller, et al. for the INSIGHT SMART Study Group.

2011. Inflammation predicts changes in high-density

lipoprotein particles and apolipoprotein A1 following

initiation of antiretroviral therapy. AIDS 25: 2133–2142.
2110.1097/QAD.2130b2013e32834be32088

Bolstad, B. M., R. A. Irizarry, M. Astrand, and T. P. Speed.

2003. A comparison of normalization methods for high

density oligonucleotide array data based on variance and

bias. Bioinformatics 19:185–193.

Brenchley, J. M., D. A. Price, T. W. Schacker, T. E. Asher, G.

Silvestri, S. Rao, et al. 2006. Microbial translocation is a

cause of systemic immune activation in chronic HIV

infection. Nat. Med. 12:1365–1371.

Campo, M., K. K. Oursler, L. Huang, M. B. Goetz, D.

Rimland, G. S. Hoo, et al. 2014. Association of chronic

cough and pulmonary function with 6-minute walk test

performance in HIV infection. J. Acquir. Immune Defic.

Syndr. 65:557–563.
Chege, D., P. M. Sheth, T. Kain, C. J. Kim, C. Kovacs, M.

Loutfy, et al. 2011. Sigmoid Th17 populations, the HIV

latent reservoir, and microbial translocation in men on

long-term antiretroviral therapy. AIDS 25:741–749.

Cline, M. S., M. Smoot, E. Cerami, A. Kuchinsky, N. Landys,

C. Workman, et al. 2007. Integration of biological networks

and gene expression data using Cytoscape. Nat. Protoc.

2:2366–2382.

Comstock, G. W., M. S. Tockman, K. J. Helsing, and K. M.

Hennesy. 1979. Standardized respiratory questionnaires:

2016 | Vol. 4 | Iss. 8 | e12756
Page 8

ª 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Transcriptional Landscape of Patients with HIV and Low DLCO K. Crothers et al.



comparison of the old with the new. Am. Rev. Respir. Dis.

119:45–53.

Crothers, K. 2007. Chronic obstructive pulmonary disease in

patients who have HIV infection. Clin. Chest Med. 28: 575–

587, vi,.

Crothers, K., A. C. Justice, D. Rimland, C. L. Gibert, M.

Rodriguez-Barradas, S. Brown, et al. 2006. Increased

Infectious and Non-Infectious Pulmonary Diseases Among

HIV Positive Compared to HIV Negative Veterans. Proc.

Am. Thorac. Soc. 3:A477.

Crothers, K., L. Huang, J. L. Goulet, M. B. Goetz, S. T. Brown,

M. C. Rodriguez-Barradas, et al. 2011. HIV Infection and

Risk for Incident Pulmonary Diseases in the Combination

Antiretroviral Therapy Era. Am. J. Respir. Crit. Care Med.

183:388–395.

Crothers, K., K. McGinnis, E. Kleerup, C. Wongtrakool, G. S.

Hoo, J. Kim, et al. 2013. HIV infection is associated with

reduced pulmonary diffusing capacity. J. Acquir. Immune

Defic. Syndr. 64:271–278.

Diaz, P. T., T. L. Clanton, and E. R. Pacht. 1992. Emphysema-

like pulmonary disease associated with human

immunodeficiency virus infection. Ann. Intern. Med.

116:124–128.

Diaz, P. T., M. A. King, E. R. Pacht, M. D. Wewers, J. E.

Gadek, H. N. Nagaraja, et al. 2000. Increased susceptibility

to pulmonary emphysema among HIV-seropositive smokers.

Ann. Intern. Med. 132:369–372.

Dub�e, M. P., and F. R. Sattler. 2010. Inflammation and

Complications of HIV Disease. J. Infect. Dis. 201:1783–1785.

Fitzpatrick, M. E., M. R. Gingo, C. Kessinger, L. Lucht, E.

Kleerup, R. M. Greenblatt, et al. 2013. HIV infection is

associated with diffusing capacity impairment in women. J.

Acquir. Immune Defic. Syndr. 64:284–288.

Fitzpatrick, M. E., V. Singh, M. Bertolet, L. Lucht, C.

Kessinger, J. Michel, et al. 2014. Relationships of pulmonary

function, inflammation, and T-cell activation and senescence

in an HIV-infected cohort. AIDS 28:2505–2515.

Hankinson, J. L., J. R. Odencrantz, and K. B. Fedan. 1999.

Spirometric reference values from a sample of the general

U.S. population. Am. J. Respir. Crit. Care Med. 159:179–187.

Hansell, D. M., A. A. Bankier, H. MacMahon, T. C. McLoud,

N. L. Muller, and J. Remy. 2008. Fleischner Society: glossary

of terms for thoracic imaging. Radiology 246:697–722.
Hartwell, L. H., J. J. Hopfield, S. Leibler, and A. W. Murray.

1999. From molecular to modular cell biology. Nature 402:

C47–C52.

Hull, M. W., P. Phillips, and J. S. Montaner. 2008. Changing

global epidemiology of pulmonary manifestations of HIV/

AIDS. Chest 134:1287–1298.
Justice, A. C., E. Dombrowski, J. Conigliaro, S. L. Fultz, D.

Gibson, T. Madenwald, et al. 2006a. Veterans Aging Cohort

Study (VACS): Overview and description. Med. Care 44:

S13–S24.

Justice, A. C., E. Lasky, K. A. McGinnis, M. Skanderson, J.

Conigliaro, S. L. Fultz, et al. 2006b. Medical disease and

alcohol use among veterans with human immunodeficiency

infection: a comparison of disease measurement strategies.

Med. Care 44:S52–S60.
Kaner, R. J., F. Santiago, and R. G. Crystal. 2009. Up-

regulation of alveolar macrophage matrix metalloproteinases

in HIV1(+) smokers with early emphysema. J. Leukoc. Biol.

86:913–922.

Kuller, L. H., R. Tracy, W. Belloso, S. D. Wit, F. Drummond,

H. C. Lane, et al. , and for the ISSG. 2008. Inflammatory

and Coagulation Biomarkers and Mortality in Patients with

HIV Infection. PLoS Med. 5:e203.

Macintyre, N., R. O. Crapo, G. Viegi, D. C. Johnson, C. P. van

der Grinten, V. Brusasco, et al. 2005. Standardisation of the

single-breath determination of carbon monoxide uptake in

the lung. Eur. Respir. J. 26:720–735.

Malek, J., R. Rogers, J. Kufera, and J. M. Hirshon. 2011.

Venous thromboembolic disease in the HIV-infected

patient. Am. J. Emerg. Med. 29:278–282.
Merico, D., R. Isserlin, O. Stueker, A. Emili, and G. D. Bader.

2010. Enrichment map: a network-based method for gene-

set enrichment visualization and interpretation. PLoS ONE

5:e13984.

Miller, M. R., R. Crapo, J. Hankinson, V. Brusasco, F. Burgos,

R. Casaburi, et al. 2005. General considerations for lung

function testing. Eur. Respir. J. 26:153–161.

Mitchell, D. M., J. Fleming, A. J. Pinching, J. R. Harris, F. M.

Moss, D. Veale, et al. 1992. Pulmonary function in human

immunodeficiency virus infection. A prospective 18-month

study of serial lung function in 474 patients. Am. Rev.

Respir. Dis. 146:745–751.
Mocroft, A., R. Brettle, O. Kirk, A. Blaxhult, J. M. Parkin, F.

Antunes, P. Francioli, A. D’Arminio Monforte, Z. Fox, and

J. D. Lundgren. 2002. Changes in the cause of death among

HIV positive subjects across Europe results from the

EuroSIDA Study. AIDS 16:1663–1671.

Nazli, A., O. Chan, W. N. Dobson-Belaire, M. Ouellet, M. J.

Tremblay, S. D. Gray-Owen, et al. 2010. Exposure to HIV-1

directly impairs mucosal epithelial barrier integrity allowing

microbial translocation. PLoS Pathog. 6:e1000852.

Neas, L. M., and J. Schwartz. 1996. The determinants of

pulmonary diffusing capacity in a national sample of U.S.

adults. Am. J. Respir. Crit. Care Med. 153:656–664.

Neuhaus, J., D. R. Jacobs, J. V. Baker, A. Calmy, D. Duprez,

A. La Rosa, et al. 2010. Markers of Inflammation,

Coagulation, and Renal Function Are Elevated in Adults

with HIV Infection. J. Infect. Dis. 201:1788–1795.

Palella, F. J. Jr, K. M. Delaney, A. C. Moorman, M. O.

Loveless, J. Fuhrer, G. A. Satten, et al. 1998. Declining

morbidity and mortality among patients with advanced

human immunodeficiency virus infection. HIV Outpatient

Study Investigators. N. Engl. J. Med. 338:853–860.

ª 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.

2016 | Vol. 4 | Iss. 8 | e12756
Page 9

K. Crothers et al. Transcriptional Landscape of Patients with HIV and Low DLCO



Pellegrino, R., G. Viegi, V. Brusasco, R. O. Crapo, F. Burgos,

R. Casaburi, et al. 2005. Interpretative strategies for lung

function tests. Eur. Respir. J. 26:948–968.
Petrache, I., K. Diab, K. S. Knox, H. L. 3rd Twigg, R. S.

Stephens, S. Flores, et al. 2008. HIV associated pulmonary

emphysema: a review of the literature and inquiry into its

mechanism. Thorax 63:463–469.

Rincon, M. 2012. Interleukin-6: from an inflammatory marker

to a target for inflammatory diseases. Trends Immunol.

33:571–577.
Rosen, M. J., Y. Lou, P. A. Kvale, A. V. Rao, M. C. Jordan, A.

Miller, et al. 1995. Pulmonary function tests in HIV-infected

patients without AIDS. Pulmonary Complications of HIV

Infection Study Group. Am. J. Respir. Crit. Care Med.

152:738–745.

Sandler, N. G., H. Wand, A. Roque, M. Law, M. C. Nason, D.

E. Nixon, et al. Group ISS,.2011. Plasma levels of soluble

CD14 independently predict mortality in HIV infection. J.

Infect. Dis. 203:780–790.

Schadt, E. E. 2009. Molecular networks as sensors and drivers

of common human diseases. Nature 461:218–223.

Standardization of Spirometry. 1995. 1994 Update. American

Thoracic Society. Am. J. Respir. Crit. Care Med. 152:1107–

1136.

Subramanian, A., P. Tamayo, V. K. Mootha, S. Mukherjee, B.

L. Ebert, M. A. Gillette, et al. 2005. Gene set enrichment

analysis: a knowledge-based approach for interpreting

genome-wide expression profiles. Proc. Natl. Acad. Sci. U. S.

A. 102:15545–15550.
Wilson, D. O., J. L. Weissfeld, A. Balkan, J. G. Schragin, C. R.

Fuhrman, S. N. Fisher, et al. 2008. Association of

radiographic emphysema and airflow obstruction with lung

cancer. Am. J. Respir. Crit. Care Med. 178:738–744.

Supporting Information

Additional Supporting Information may be found online

in the supporting information tab for this article:

Table S1 List of significantly enriched gene sets in PBLs

of HIV+ and HIV� subjects with preserved DLCO. FDR

<0.01 was used to designate significant enrichment.

Table S2 List of significantly enriched gene sets in PBLs

of HIV+ and HIV� subjects with low DLCO. FDR <0.01
was used to designate significant enrichment.

Table S3 List of significantly enriched gene sets in PBLs

of HIV� negative subjects with preserved versus low

DLCO. FDR <0.01 was used to designate significant

enrichment.

Table S4 List of significantly enriched gene sets in PBLs

of HIV+ subjects with preserved versus low DLCO. FDR

<0.01 was used to designate significant enrichment.

2016 | Vol. 4 | Iss. 8 | e12756
Page 10

ª 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Transcriptional Landscape of Patients with HIV and Low DLCO K. Crothers et al.


